Background: Nickel compounds are well-established human carcinogens with weak mutagenic activity. Histone methylation has been proposed to play an important role in nickel-induced carcinogenesis. Nicotinamide N-methyltransferase (NNMT) decreases histone methylation in several cancer cells by altering the cellular ratio of S-adenosylmethionine (SAM) to S-adenosylhomocysteine (SAH). However, the role of NNMT in nickel-induced histone methylation remains unclear. Methods: BEAS-2B cells were exposed to different concentrations of nickel chloride (NiCl 2 ) for 72 h or 200 μM NiCl 2 for different time periods. Histone H3 on lysine 9 (H3K9) mono-, di-, and trimethylation and NNMT protein levels were measured by western blot analysis. Expressions of NNMT mRNA and the H3k9me2-associated genes, mitogen-activated protein kinase 3 (MAP2K3) and dickkopf1 (DKK1), were determined by qPCR analysis. The cellular ratio of nicotinamide adenine dinucleotide (NAD + ) to reduced NAD (NADH) and SAM/SAH ratio were determined. Results: Exposure of BEAS-2B cells to nickel increased H3K9 dimethylation (H3K9me2), suppressed the expressions of H3K9me2-associated genes (MAP2K3 and DKK1), and induced NNMT repression at both the protein and mRNA levels. Furthermore, over-expression of NNMT inhibited nickel-induced H3K9me2 and altered the cellular SAM/SAH ratio. Additionally, the NADH oxidant phenazine methosulfate (PMS) not only reversed the nickel-induced reduction in NAD + /NADH but also inhibited the increase in H3K9me2. Conclusions: These findings indicate that the repression of NNMT may underlie nickel-induced H3K9 dimethylation by altering the cellular SAM/SAH ratio.
Introduction
Nickel compounds are classified as lung carcinogens in humans by the International Agency for Research on Cancer (IARC) based on epidemiological and experimental studies [1] . A recent retrospective cohort study reported increased mortality due to lung cancer among nickel refinery workers [2] . In addition, exposure to nickel compounds induced tumors in experimental animals [3] and transformed mammalian cells in vitro [4] . Since numerous conventional mutagenesis assays have found nickel compounds to be weakly mutagenic [5, 6] , an epigenetic mechanism has been hypothesized to explain nickel-induced carcinogenesis [7] . Epigenetic changes have been suggested to play a pivotal role in tumor formation and progression [8] . Histone methylation, one of the best-studied epigenetic alterations, can regulate gene expression depending on the post-translational modifications at different residues [9] . Among histone methylations, methylation of lysine 9 in histone H3 (H3K9) has been extensively studied [10] . Repressed promoters are marked by H3K9 dimethylation (H3K9me2), and this critical marker has been linked to transcriptional repression in different cell lines [11, 12] . The increase in H3K9me2 at the gene promoter repressed the expression of the tumor suppressor sprouty homolog2 (SPRY2) and led to nickel-induced anchorage-independent growth and carcinogenesis [13] . Therefore, further clarification of nickel-induced histone methylation will contribute to understanding nickel carcinogenesis.
Nicotinamide N-methyltransferase (NNMT) methylates nicotinamide (NAM) to N 1 -methylnicotinamide (MNAM) using S-adenosylmethionine (SAM) as the methyl group donor and generates S-adenosyl homocysteine (SAH) [14, 15] . NNMT expression has been shown to correlate with the migration, invasion, proliferation and survival of cancer cells [16] [17] [18] . Over-expression of NNMT in cancer cells resulted in hypomethylated histones by altering the cellular SAM/SAH ratio [19] . However, to the best of our knowledge, the effects of nickel on NNMT and the possible role of NNMT in nickel-induced histone methylation are not clear. Nicotinamide adenine dinucleotide (NAD) acts as a coenzyme in metabolic redox reactions. The coenzyme is found in two forms: an oxidized form and reduced form, referred to as NAD + and NADH, respectively [20] . A previous study indicated that nickel exposure could decrease the NAD + /NADH ratio in the cortical cortex of mice [21] . Recent studies have shown that NNMT could modulate the cellular SAM/SAH and NAD + /NADH ratios and subsequently affect histone acetylation and histone methylation [22, 23] . Taken together, NNMT may play a pivotal role in histone modifications.
Thus, the purpose of this study was to determine whether NNMT participates in nickelinduced histone methylation. We found that nickel-induced NNMT repression was involved in the increase of H3K9me2 in BEAS-2B cells. Reversing NNMT suppression could abolish nickel-induced H3K9me2 by altering the SAM/SAH ratio. These results illustrate a new molecular mechanism of nickel-induced histone methylation.
Materials and Methods

Cell culture and viability determination
Human bronchial epithelial cells (BEAS-2B) were cultured in RPMI 1640 medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (PAN-Biotech), 100 U/mL penicillin and 100 μg/ml streptomycin (Beyotime, Haimen, Jiangsu, China) at 37 °C in a 5% CO 2 atmosphere. For dose-dependent and time-dependent experiments of nickel exposure, NiCl 2 (Sigma-Aldrich, St. Louis, MO, USA) was added to the media at concentrations of 0 (control), 25, 50, 100, and 200 μM for 72 h or 200 μM for 0 h, 12 h, 24 h, 48 h, and 72 h.
Cell viability was measured using the Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Kumamoto, Japan) according to the manufacturer's instructions. After the treatment, the medium in the 96-well plate was replaced with fresh medium containing 10% v/v CCK-8 solution and further cultured at 37 °C for 2 h. Following incubation, the absorbance was read at 450 nm using a microplate reader (Tecan, Mannedorf, Switzerland). The results are presented as the percent cell viability assuming that the viability of control cells was 100%.
Western blot
After the indicated treatments , cells were collected, and protein extracts from whole cells were separated by SDS-PAGE and transferred onto a polyvinylidene fluoridemembrane (PVDF, Bio-Rad, Hercules, CA, USA). The membranes were blocked for 1 h at room temperature and then incubated overnight at 4 °C with the following primary antibodies: 1:100-diluted NNMT (Santa Cruz Biotechnology, CA, USA) , 1:10,000-diluted H3K9me1, H3K9me2 and H3K9me3 (Abcam, Cambridge, UK), and 1:5,000-diluted β-actin (Thermo Fisher Scientific, Waltham, MA, USA). The membranes were then incubated with secondary antibodies coupled to horseradish peroxidase for 1 h at room temperature. The bands were visualized using a chemiluminescence substrate (Millipore, Billerica, MA, USA) and detected using the ChemDoc TM XRS+ imaging system (Bio-Rad).
Quantitative real-time PCR Total RNA was isolated using TRIzol (TaKaRa BioInc., Shiga, Japan). cDNA was synthesized from total RNA by a reverse transcription kit (TaKaRa) according to the manufacturer's protocol. Quantitative real-time PCR was performed according to standard protocols using commercially available primers purchased from Invitrogen (Shanghai, China). GAPDH was utilized as an internal control for mRNA. The primers used in this study were as follows: MAP2K3-forward, 5'-GAGGGAGACGTGTGGATCTG-3' and reverse: 5'-CCGCACGATA GACACAGCAAT-3'; DKK1-forward, 5'-CCTTGAACTCGGTTCTCAATTCC-3' and reverse: 5'-CAATGGTCTGGTACTTATTCCCG-3'; NNMT forward, 5'-ATATTCTGCCTAGACGGTGTGA-3' and reverse: 5'-TCAGTGACGACGATCTCCTTAAA-3'; GAPDH-forward, 5'-TCAAGAAGGTGGTGA AGCAGG-3' and reverse: 5'-AGCGTCAAAGGTGGAGGAGTG-3'. The relative expression levels of each target gene were normalized to the mRNA levels of the GAPDH.
Cell transfection
The recombinant plasmid pcDNA3.1(+)-NNMT was constructed by Invitrogen. After seeding the cells in 6-well plates and incubation for 24 h, the medium without penicillin/streptomycin was replaced with transfection medium containing 4 μg pcDNA3.1(+)-NNMT or pcDNA3.1(+) vector and 8 μL Lipofectamine2000 transfection reagent (Invitrogen, Shanghai, China) per well. After 5 h, the transfection medium was replaced with fresh medium without penicillin/streptomycin. The transiently transfected cells were further incubated at 37 °C for 19 h and then treated with or without 200 μM NiCl 2 for another 24 h and then collected for further experiments.
Biochemical measurements
The NAD + /NADH ratio was assessed according to instructions provided by the NAD/NADH Ratio Assay Kit (Promega, USA). Concentrations of SAM and SAH were determined using reversed-phase high performance liquid chromatography (HPLC). The cells (1x10 7 ) were centrifuged, washed twice with cold PBS, and maintained on ice. The cell pellets were subsequently homogenized in 100 μL of 0.4 M ice-cold perchloric acid. Homogenates were centrifuged at 15,000 g for 15 min at 4 0 C. The supernatants were collected and stored at -80 0 C until they were analysed. The supernatant of each sample was loaded into a C18 column (SunFire, Ireland) and run by a Waters HPLC system (Milford, MA). The two mobile phases were as follows : Mobile phase A consisted of 50 mM NaH 2 PO 4 and 8 mM heptanesulfonic acid (pH=3.0), and Mobile phase B contained methanol. The isocratic elution was achieved at a flow rate of 1 mL/min with the following parameters: 80% Phase A and 20% Phase B. The total run time was 15 min, and the injection volume was 20 μL. The absorbance of analytes was recorded by a UV detector at 254 nm. The SAM and SAH standards purchased from Sigma-Aldrich (St. Louis, MO, USA) were used to identify the elution peaks, and the cellular SAM and SAH were calculated by automatic peak area integration.
Statistical analysis
All data are expressed as mean±SEM from at least three independent experiments. GraphPad Prism5 statistical package (GraphPad, SanJose, CA) was used for one-way analysis of variance (ANOVA), and Tukey's test was used for the post hoc comparison of means. Statistical significance was defined when p<0.05.
Results
Nickel increases H3K9 dimethylation and down-regulates MAP2K3 and DKK1 expressions
To determine the concentration and incubation time of the nickel treatment, BEAS-2B cells were exposed to NiCl 2 at 100 and 200 μM for 0, 12, 24, 48 and 72 h as described in previous studies [11, 13, 24, 25] . The CCK-8 assay showed that 200 μM NiCl 2 did not induce acute toxic effects on cells for up to 72 h exposure (Fig. 1) . To investigate the effects of nickel on histone methylation, we first examined the global H3K9 methylation in BEAS-2B cells after nickel exposure. Western blot analysis showed that nickel increased H3K9 dimethylation (H3K9me2) but had no effect on H3K9 monomethylation (H3K9me1) and trimethylation (H3K9me3) (Fig. 2A, B and C) . The increase in H3K9me2 began at 12 h, peaked at 48 h, and was sustained at 72 h after nickel exposure (Fig. 2D) . To further confirm the changes in H3K9me2, mitogen-activated protein kinase 3 (MAP2K3) and dickkopf1 (DKK1), H3k9me2-associated tumor suppressor genes [26] [27] [28] , were assessed by qRT-PCR. As shown in Fig.  2E and F, nickel significantly decreased MAP2K3 and DKK1 expressions in dose-and timedependent manners.
Nickel suppresses NNMT expression NNMT expression was determined by western blot and qRT-PCR at the protein and gene levels, respectively. Western blot analysis revealed that nickel induced a significant decrease in NNMT expression at the protein level (Fig. 3A and B) . Consistent with the protein expression, qRT-PCR results showed that NNMT mRNA was also suppressed in BEAS-2B cells following nickel exposure (Fig. 3C and D) .
Over-expression of NNMT abolishes the increase in H3K9me2 induced by nickel
To further confirm that inhibition of NNMT mediates the nickel-induced histone methylation and down-regulation of tumor suppressor genes, an NNMT overexpression plasmid was transfected into BEAS-2B cells. As shown in Fig. 4A to D, NNMT overexpression could reverse nickel-induced H3K9me2 and abolish the repression of MAP2K3 and DKK1.
PMS reverses the nickel-induced increase in H3K9me2
To investigate whether NAD + /NADH alterations are involved in nickel-induced H3K9 dimethylation in BEAS-2B cells, phenazine methosulfate (PMS), a crucial electron acceptor oxidizing NADH to NAD + [29] , was applied to reverse the decrease in the NAD + /NADH ratio NNMT down-regulates H3K9me2 by altering the SAM/SAH ratio SAM serves as a universal methyl donor for transmethylation reactions, including histone methylation and is subsequently converted to SAH [30, 31] . NNMT has been reported to induce hypomethylated histones in cancer cells by decreasing the ratio of SAM/SAH [19] . To determine whether NNMT regulates nickel-induced H3K9 dimethylation by altering the cellular SAM/SAH ratio in BEAS-2B cells, cellular SAM and SAH levels were determined by HPLC. As shown in Fig. 6A , the retention times for standard SAH and SAM were 4.35 min and 6.24 min, respectively. NNMT over-expression in BEAS-2B cells resulted in a significant /NADH ratio (A) was measured. The H3K9me2 levels (B) was determined by western blot analysis. mRNA levels of MAP2K3 (C), DKK1 (D) were detected by qPCR. All data are presented as the mean±SEM from at least three independent experiments. *p<0.05, compared with the control; #p<0.05, compared with nickel exposure alone. reduction in the SAM/SAH ratio, whereas nickel exposure led to a marked increase ( Fig. 6B  and C) .
Discussion
In the present study, we found that H3K9 dimethylation was elevated after nickel exposure . In addition, we demonstrated that MAP2K3 and DKK1 , two tumor suppressor genes in lung cancer, were down-regulated by nickel. A recent study showed that increased H3K9me2 in the gene promoters of MAP2K3 and DKK1 was associated with suppression of their expressions [27] . Therefore, our present study indicated that elevation of H3K9me2 may silence these tumor suppressor genes after nickel exposure.
The homeostasis of histone methylation is maintained by the balance between methylation and demethylation, which are controlled by histone methyltransferases (HMTs) and histone demethylases. Previous studies have shown that nickel increased H3K9 dimethylation by inhibiting the activity of Fe(II)-2-oxoglutarate-dependent histone H3K9 demethylase accompanied by inhibition of G9a methyltransferase [11, 32] . Further studies showed that histone-modifying enzymes, including acetyltransferases and methyltransferases, consumed the cellular intermediate metabolites acetyl-CoA and SAM as acetyl and methyl donors to promote histone acetylation and methylation, respectively [33] . A reduction in intracellular acetyl-CoA concentrations decreases histone acetylation, indicating that histone acetyltransferases may be sensitive to changes in the acetyl-CoA/ CoA ratio [34] . NNMT, an enzyme that metabolizes SAM, has a role in adipose tissue energy metabolism and cancer aggressiveness resulting from alterations in histone methylation [19, 23] . In our present study, we found that nickel-induced NNMT suppression mediated H3K9 dimethylation, and NNMT over-expression could reverse the decrease in H3K9 acetylation (H3K9ac) caused by nickel in BEAS-2B cells (Fig. 7) . These results indicated that NNMT may act as a key regulator in nickel-induced histone modifications.
Our study revealed that NNMT abolished H3K9 dimethylation by decreasing the SAM/ SAH ratio. However, this process may not represent a universal mechanism for regulation of histone methylation because both mono-and trimethylated H3K9 were not increased after nickel exposure. These observations were partially consistent with a report showing that NNMT failed to regulate all histone methylation events in cancer cells [19] . Our previous study investigating the impact of nickel exposure on cellular energy metabolism revealed that nickel inhibited the mitochondrial respiratory chain and consequently decreased the NAD + /NADH ratio [21] . The linkage between nickel-induced histone methylation and NAD + / NADH was further demonstrated by the results in our present study. We found that the NADH oxidant PMS efficiently suppressed the increase in H3K9me2 and the decrease in NAD + / NADH triggered by nickel (Fig. 5) . NNMT catalyzes N-methylation of NAM by transferring a methyl group from SAM to NAM and generating SAH and MNA, thus lowering the levels of SAM available for methylation reactions of histones [35, 36] . The observed reduction in H3K9me2 levels by PMS may be correlated with the enhancement of NNMT activity because elevation of NAD + /NADH was positively associated with the activity of NNMT [37] . Moreover, NAM is a precursor for NAD + biosynthesis through a salvage pathway. Based on the report that NAM reduced H3K4 trimethylation [38] , it is tempting to speculate that more cellular NAM should be consumed in response to nickel-induced reduction of NAD + than that available for methylation catalyzed by NNMT, consequently inhibiting NNMT activity and leading to an increase in histone methylation. However, alterations in NAD + /NADH were not involved in nickel-induced NNMT repression at both the mRNA and protein levels (Fig. 8) . Thus, the mechanism by which nickel suppressed NNMT expression remains to be elucidated in further studies.
In summary, our study is the first to report that nickel exposure suppresses NNMT in BEAS-2B cells. Over-expression of NNMT abolished the increase in nickel-induced H3K9me2 and resulted in a SAM/SAH ratio reduction. We propose that NNMT may be a key regulator of nickel-induced histone methylation by altering the cellular SAM/SAH ratio. These data revealed a new mechanism for nickel-induced histone methylation and linked the cross-talk between histone modifications and nickel toxicity. was detected by qPCR analysis. All data are presented as the mean±SEM from at least three independent experiments. *p<0.05, compared with the control.
